Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) was used to determine the Pb/Ca ratios in the enamel of deciduous incisors, a biomarker of in utero Pb exposure, using pelletized bone certified reference materials (CRMs) as calibrants. The detection limit for Pb by LA-ICP-MS was 11 µg kg -1 demonstrating an adequate sensitivity for Pb in the teeth of unexposed individuals (0.1 -10 mg kg -1 ). The precision for the Pb/Ca ratios in NIST SRM 1486 Bone Meal was 3.4%. The correlation between Pb/Ca ratios obtained by LA-ICP-MS and those obtained by a digestion method was highly significant. We found one point calibration by a CRM was applicable for the quantification of Pb in tooth enamel. This method will be valuable for the assessment of in utero Pb exposure levels.
Introduction
Exposure of fetuses to foreign chemicals in utero is of serious public health concern. In general, the fetus is highly susceptible to the adverse effects of such chemicals, and developmental deficit, congenital abnormalities, and fetal mortality etc. can result, depending on the timing and strength of exposure. 1 Adverse effects may sometimes be manifested long after birth, e.g., in infancy and when the child is of primary school age. 2 It is, however, difficult to relate such symptoms with long latent periods to in utero exposure unless an appropriate exposure assessment strategy is available. We consider deciduous tooth enamel to be a suitable medium for the assessment of in utero exposure to lead (Pb). Lead is a toxin known to affect behavioral development and it easily crosses the placental barrier 3 and accumulates in calcified tissue such as teeth. Formation of the enamel of the deciduous incisors starts about three months after conception and ends about one month after birth. 4 Blood flow through the enamel is terminated after its formation so the enamel records only the exposure during this formation period. Determination of the Pb concentration in the enamel thus enables us to estimate the Pb exposure level during the fetal stage. Moreover, the deciduous teeth spontaneously exfoliate and thus provide samples for analysis that can be obtained non-invasively. The enamel layer of each deciduous incisor is, however, thin (< 300 µm) and its Pb concentration is expected to be at the mg kg -1 level. [5] [6] [7] [8] [9] Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) is expected to provide sufficient spatial resolution and sensitivity for Pb analysis of enamel. In this study, we examined LA-ICP-MS as a method of quantifying the Pb concentrations in tooth enamel.
Experimental
We intended to determine Pb in tooth enamel using a certified reference material (CRM) of bone origin as a calibrant, namely, SRM 1400 Bone Ash or SRM 1486 Bone Meal from the National Institute of Standards & Technology (NIST, USA). To this end, we assessed the sensitivity, precision and trueness of Pb analysis by LA-ICP-MS using pelletized CRMs. Pelletized in-house reference materials were made from chicken bones and analyzed by LA-ICP-MS to evaluate the validity of the calibration. Calcium (Ca) was also monitored by LA-ICP-MS as an intrinsic internal standard.
LA-ICP-MS
The laser ablation system used in this study was a LUV213 instrument (New Wave Research Inc., California, USA). This system was equipped with a Nd:YAG laser operating at 213 nm. The laser was focused on the sample surface to make a crater of 100 µm diameter. A single run consisted of laser irradiation at 10 Hz for 20 s (200 pulses run -1 ). The laser energy level was varied in the range 0.75 -3 mJ pulse -1 .
The ICP-MS used was an Agilent 7500 instrument (Yokogawa Analytical Systems Inc., Tokyo, Japan). Instrumental parameters of ICP-MS were: RF power 1.2 kW; plasma gas flow 15 L min -1 ; carrier gas flow 0.5 L min -1 ; auxiliary gas flow 1.0 L min -1 . Time-resolved signal intensities for 208 Pb and 43 Ca were measured for 45 s after the start of a run to calculate the Pb/Ca ratio. The dwell time was set at 100 ms per point and one point acquisition per mass.
Sample preparation of in-house reference material
Three powdered bone samples were prepared from chicken bones purchased at a meat shop in Tokyo. The bones were washed with water in an ultrasonic bath, defatted in CHCl3:MeOH (2:1), and pulverized using a silicon nitride disk mill at the temperature of liquid nitrogen. The resulting powder was sieved through 100 µm nylon mesh. In addition to these samples, two chicken bone ash samples were prepared by combusting two of the bone powders in a muffle furnace at 900˚C for 70 min.
Lead and Ca concentrations in these five powdered samples (in-house reference materials) were determined by ICP-MS (HP-4500, Yokogawa Analytical Systems Inc., Tokyo, Japan) and ICP atomic emission spectrometry (ICP-AES, P-4010, Hitachi High-Technologies Co., Ltd., Tokyo, Japan) after pressurized digestion with nitric acid. 10 Bismuth was added as an internal standard for Pb analysis by ICP-MS.
Pressed powder standards
The CRMs and chicken bone powders were pressed to make pellets for Pb/Ca ratio measurement by LA-ICP-MS. An aliquot of the sample (150 mg) was weighed, wrapped in Teflon sheet to avoid contamination, and pressed for 3 min at 5 tons into 10 mm diameter discs (JASCO Co., Ltd., Tokyo, Japan). The thickness of the pellets was about 1 mm.
Measurement of Pb/Ca ratio in the enamel
Fourteen adult molars were obtained from a dental clinic in Tokyo. Adult molars were used because their enamel layers are thicker than those of deciduous incisors and are thus suitable for Pb analysis by both the digestion method and by LA-ICP-MS to allow a comparison to be made. Enamel chips were obtained using a dental diamond saw and were soaked in 1% nitric acid solution for 1 min to remove surface contamination. They were digested by the Teflon double digestion vessel method, 10 and the concentrations of Pb and Ca were measured as described above. The Pb/Ca ratio in the remaining portion of the molar enamel was analyzed by LA-ICP-MS. The data obtained by the digestion method and by the LA-ICP-MS method were compared.
Results and Discussion

Sensitivity
The detection limit of Pb (3σ) was calculated to be 11 µg kg -1 from the blank Pb count. This value was similar to those reported in other papers. 11, 12 This result indicated that LA-ICP-MS is sensitive enough to detect Pb in enamel that contains Pb at mg kg -1 levels. Such concentrations have been reported in several previous studies. [5] [6] [7] [8] [9] 
Precision
Using pelletized NIST SRM 1486 Bone Meal, the precision of Pb/Ca ratio measurements was assessed by irradiating 3 different points on the surface. Each run was operated under the following conditions: laser power 2 mJ; diameter 100 µm; repetition rate 10 Hz; and ablation time 20 s. Five successive runs were made at the same point with the same irradiation conditions as listed above. Figure 1 shows the Pb/Ca ratio obtained by 5 runs at three different points on the surface. The between-point precision of the measured Pb/Ca ratio for the first runs was poor (23% as relative standard deviation (RSD), n = 3), while those for the third and subsequent runs were much better. This clearly indicated that selective vaporization/ablation of either Pb or Ca took place during the first runs only. This phenomenon was also found by Jeong and co-workers for Ba/Mn ratio measurements in a glass sample. 13 They offered no explanation for the cause of this selective vaporization/ablation but concluded that surface "conditioning" was a valuable way of lessening the variability of signals from the fresh surface.
In this study, Pb/Ca ratios obtained on the third to fifth runs were averaged in much the same way as in the study of Jeong. This "conditioning" method improved the between-point precision of Pb/Ca measurement to 3.4% as RSD.
Trueness
The trueness of the LA-ICP-MS determination of Pb was tested by measuring the Pb/Ca ratio in one of the CRMs using the other CRM as a calibrant, i.e, the Pb/Ca ratio measured by LA-ICP-MS in NIST SRM 1486 Bone Meal was calibrated against the Pb/Ca ratio calculated from the certified values for the CRM, and the Pb/Ca ratio in SRM 1400 Bone Ash was determined based on the LA-ICP-MS signals from the CRM and the calibration data for the NIST SRM 1486 Bone Meal.
In the early phase of our study, we found that laser power influenced the trueness of the Pb/Ca ratio determined by LA-ICP-MS. though the difference in the matrix between the two CRMs was minimal: one was bone meal and the other was bone ash, both having hydroxyapatite as a common main inorganic constituent. The ratio was 1, i.e., the measured value coincided with the certified value, when the power was set at 2 mJ. Reproducibility of the measurements of ratios at 2 mJ was 8.8% (n = 5). Therefore, we concluded that a laser power of 2 mJ was suitable to diminish the matrix-dependent difference in the vaporization/ablation of Pb and Ca to obtain "true" Pb/Ca ratios by LA-ICP-MS using a CRM as a calibrant. This observation led us to determine, using in-house RMs prepared from chicken bones, whether a laser power of 2 mJ actually diminished the matrix-dependent effect and was thus applicable to the quantitative analysis of hydroxyapatite-based samples. The comparison between results obtained by 2 mJ-LA-ICP-MS and those by the digestion method is shown in Fig.  3 . The results for NIST CRMs are also included in this figure. The positive correlation between the two sets of data was highly significant (R 2 = 0.97) confirming that quantitative Pb/Ca ratio analysis of bone RMs could be carried out by 2 mJ-LA-ICP-MS without any matrix effect. When we used NIST SRM 1486 Bone Meal as the calibrant, the measured Pb/Ca ratio of the NIST SRM 1400 Bone Ash was 23 mg Pb kg -1 Ca. This was consistent with the ratio calculated from the certified values (24 mg Pb kg -1 Ca).
Based on the above fundamental examinations we concluded that 2 mJ-LA-ICP-MS allowed a sensitive and accurate analysis of the Pb/Ca ratios in hydroxyapatite-based matrices.
Measurement of Pb/Ca ratios in dental enamel
The Pb/Ca ratios in molars from 14 adults were analyzed by 2 mJ-LA-ICP-MS and by the digestion method to further confirm that our approach, i.e., 2 mJ-LA-ICP-MS determination of Pb/Ca ratio using NIST CRM as a calibrant, was valid. The mean concentrations of Pb and Ca in the enamels were 0.47 mg kg -1 (range: 0.10 -1.2 mg kg -1 ) and 39% (range: 34 -46%), respectively, as determined by the conventional digestion method.
NIST SRM 1486 Bone Meal was used as the calibrant for LA-ICP-MS quantification of the Pb/Ca ratio in the enamel. As shown in Fig. 4 , the Pb/Ca ratios obtained by LA-ICP-MS were in good agreement with those obtained by the digestion method (R 2 = 0.92). The precision of the Pb/Ca ratio in the enamel (range: 1 -19%) was slightly lower than that for the pelletized CRMs (range: 3 -8%). This indicated that Pb was more homogeneously distributed in the pelletized CRMs than in the enamel. A paired t-test showed no significant difference between the Pb/Ca ratios obtained by the digestion method and those from the LA-ICP-MS method. From this observation we could conclude that one point calibration with the NIST bone CRM was applicable for the measurement of Pb in the enamel as well as in bone matrices.
Conclusion
We have demonstrated that LA-ICP-MS has a high enough sensitivity and spatial resolution to allow the determination of Pb in the enamel layer of teeth from non-exposed Japanese. By introducing a "conditioning" step, the precision of Pb/Ca ratio measurement of NIST SRM 1486 Bone Meal was improved to 3.4%. When the laser power was set at 2.0 mJ, any matrix effect was minimized. The results for Pb/Ca ratios obtained by 2 mJ-LA-ICP-MS and those obtained by the digestion method were not significantly different for hydroxyapatite-based matrices. We found one point calibration by CRM was applicable for the quantification of Pb in tooth enamel. ANALYTICAL SCIENCES OCTOBER 2003, VOL. 19 Pb/Ca ratios were calculated by one point calibration using NIST SRM 1486 Bone Meal. Dots and attached bars indicate the mean (n = 3 -5) and its standard deviation.
